ABSTRACT. The ploidy level and the phylogenic position of Lachenalia congesta W. F. Barker (Asparagaceae) were analyzed by karyomorphological, molecular cytogenetical and molecular phylogenetical studies. The chromosome number of L. congesta was 2n=28, and these chromosomes showed bi-modal karyotype with four large sized chromosomes and 24 small sized chromosomes. The ploidy level of this species was diploid, because each two chromosomes made 14 pairs on the karyotype analysis by acetoorcein staining, DAPI staining and FISH methods. In addition two signals of 18S rDNA sites were detected by the FISH method supported this assumption. All 28 chromosomes of this species did not show any clear DAPI-positive bands and four signals of 5S rDNA sites were detected near the centromeres of small sized chromosomes. These characters were quite different from the characters observed by karyomorphological and molecular cytogenetical studies on common Lachenalia species with basic chromosome number of x=7 or 8. The data from molecular phylogenetic analysis of internal transcribed spacer (ITS) region supported this hypothesis.
Lachenalia is distributed in the western part of South Africa and the southern part of Namibia, and includes ca. 110 species. This genus was formerly classified in the Hyacinthaceae or Liliaceae, although now it revised in the Asparagaceae followed to the third Angiosperm Phylogeny Group (APG III) classification (The Angiosperm Phylogeny Group 2009).
Lachenalia congesta W. F. Barker is a dwarf species and is found on mountain slopes of Eastern Cape interior at up to alt. 2400 m with large colonies (Duncan 2009). Duncan (2009) described that Lachenalia congesta was a very distinctive species which cannot be easily mistaken against any other member of Lachenalia during the flowering season. It was recognized by two prostrate, broadly lanceolate (or occasionally ovate), leathery leaves that are dark olive-green on the upper surface and deep magenta below, with prominent dark maroon margins (Duncan 2009). Johnson and Brandham (1997) reported that the chromosome number of L. congesta was 2n=26, 28, although any other karyomorphological information about this species were not described. The molecular phylogenetic analysis using chlorophyll (cp) DNA data of genus Lachenalia indicated that L. congesta was closely related to six Polyxena species (these were transferred to genus Lachenalia by Manning et al. 2004 ) and three Lachenalia species (Spies 2004), although phylogenetic information from nuclear DNA analysis were not reported.
In this report, we attempt to identify the ploidy level of L. congesta by the karyomorphological analysis and fluorescence in situ hybridization (FISH) methods, and to clarify the molecular phylogenetic relationship of this species among genus Lachenalia on the basis of the internal transcribed spacer (ITS) region of nuclear ribosomal DNA.
MATERIALS AND METHODS
Plant materials Some plants of Lachenalia congesta W. F. Barker (Voucher specimen: HIRO5810-LPCGS) were cultivated in the Hiroshima Botanical Garden. The flower of Lachenalia congesta was shown in Fig. 1A .
Karyomorphological and molecular cytogenetical studies
Root tips of well grown roots were collected and pretreated in 2 mM hydroxyquinoline solution at 20°C for 2 h. Karyomorphological study in the present study followed Hamatani et al. (2007) : Pretreated root-tips were fixed in 3:1 mixture of 95% ethanol and one part of acetic acid, and then, stained by 2% aceto-orcein before squashing. The mitotic metaphase chromosomes obtained in photography were classified according to Levan et al. (1964) .
For molecular cytogenetic study, fluorescent in situ hybridization (FISH), fixation, hydrolysis and squash of root tips followed Hamatani et al. (2009) . 5S and 18S rDNA probes were used for the labeling. The samples on glass slides were covered with Vector Shield (Vector) supplemented with 0.2 µg/ml 4-6-diamidino-2-phenylindole (DAPI). The fragments of 5S rDNA and 18S rDNA were obtained from the total genomic DNA of Cucumis sativus 'Borszczagowski' using polymerase chain reaction (PCR). They were amplified according to Hizume (1993) and Sogin (1990) , respectively. For FISH experiments, the 5S rDNA probes were labeled using PCR labeling method with 0.2 mM dATP, 0.2 mM dGTP, 0.2 mM dCTP, 0.1 mM dTTP and 0.1 mM tetramethylrhodamine-5-dUTP (Roche) as dNTP mixture, while 18S rDNA probe were labeled using the BioNick labeling system (Invitrogen).
Molecular phylogenetical study DNA isolation, PCR and sequencing were carried out according to Hamatani et al. (2008) . The nucleotide sequence data of the 33 species and two variety of Lachenalia, two species of Massonia and one species of Ornithogalum referred from the database were used for molecular phylogenetic analysis of Lachenalia congesta. The sequence data except for L. congesta were cited from Hamatani et al. 2008 . Two species of Massonia were used for the reference to the phylogenic position on L. congesta among the samples of Lachenalia, because they made sister clade and showed quite close relationships with Lachenalia using phylogenetic analysis of cpDNA (Pfosser et al. 2003) . In addition, Ornithogalum was chosen as an outgroup. The sequences were aligned using CLUSTAL W program (Thompson et al. 1994 ) with the default settings followed by adjustment by eye.
The phylogenetic tree was constructed with maximum parsimony (MP) method (Fitch 1971) and Bayesian inference (BI) method. MP analysis were performed by PAUP 4.0b (Swofford 2000) program with a heuristic search of 1,000 random addition replicates performed by tree bisection-reconnection (TBR) and MulTree. The bootstrap (BS) analysis with the MP method was conducted on 1,000 replicates using the heuristic search option in PAUP (Felsenstein 1985) . MrBayes 3.1.2 Levan et al. (1964) . Bars=10µm in B, and 5µm in C. (Ronquist and Huelsembeck 2003) was used with the BI method using the GTR+G model with 50,000,000 generations, prior to phylogenetic reconstruction. MrModeltest 2.2 (Nylander 2004 ) was implemented in hierarchical likelihood ratio tests to allow us to make a rational decision regarding the nucleotide-based substitution model that the best fitted data used for the BI method. The Bayesian posterior probabilities (PPB) were calculated using MrBayes. Each of methods were executed on data with indels.
RESULTS AND DISCUSSION
The ploid level of Lachenalia congesta analyzed by Karyomorphological and molecular cytogenetical studies The chromosome number of Lachenalia congesta was 2n=28 (Fig. 1B) and this data supported previous report (Johnson and Brandham 1997) . Nine species and three varieties of Lachenalia had the chromosome number of 2n=28 (Spies 2004 , Hamatani 2011 . Among them, seven species and three varieties confirmed as tetraploid (X=7), whereas L. longituba could be identified as a diploid (X=14) because this species had 14 pairs of chromosomes characterized by their individual features, and had two FISH signals of 5S rDNA sites and 18S rDNA sites, respectively (Hamatani et al. 2010) .
The purpose to judge whether the chromosome number 2n=28 of L. congesta is diploid or tetraploid, their karyotypes were analyzed (Fig. 1) . The sizes of 28 chromosomes were from 2.0 to 7.7µm and showed a bimodal karyotype with four large-sized chromosomes and 24 small-sized chromosomes (Fig. 1C, D) . The four largesized chromosomes divided into two groups by their arm ratios (Fig. 1D) . Two large-sized chromosomes (Chromosome Numbers; Nos. 1-2) showed metacentric type ('m'), and the other two large-sized chromosomes (Nos. 3-4) showed subtelocentric type ('st'). In contrast, the 24 small-sized chromosomes made 12 pairs based on their similarities. Twelve chromosomes (9) (10) (13) (14) (15) (16) (17) (18) showed submetacentric type ('sm'), and the other 12 chromosomes (11) (12) (19) (20) showed 'm'. The chromosomes Nos. 13-18 and Nos. 25-28 showed similar size, respectively. Thus, four largesized chromosomes could be divided into two pairs and 24 small-sized chromosomes could be divided into 12 pairs of chromosomes suggested that the chromosomes of L. congesta might be made 14 pairs with individual shapes and that the ploidy level of this species could be diploid (X=14). This assumption was confirmed by FISH analysis (Fig.2) . Because not four but two signals of 18S rDNA were detected on small sized chromosomes, near the terminal region ( Fig. 2D, E; yellow signals) . On the other hand, four signals of 5S rDNA sites were detected on four small sized chromosomes, near the center of the chromosomes ( Fig. 2D, E; red signals) . This data may represent that two pairs of same chromosomes were exist on the L. congesta genome. However L. muirii which had chromosome number 2n=14 (X=7) also had four signals of 5S rDNA (Hamatani et al. 2009 ), so that four signals of 5S rDNA detected on diploid species might be common feature of genus Lachenalia.
Phylogenetic position of L. congesta analyzed by molecular cytogenetic and phylogenetic studies The phylogenetic position of L. congesta classified by morphological data was unknown because their morphological characters were unique (Duncan 2009) and the molecular phylogenetic tree from chloroplast DNA data suggested that L. congesta was closely related with species which were transferred to Lachenalia from Polyxena by Manning et al. (2004) .
According to Hamatani (2011) , the 34 species of Lachenalia were classified into three groups by karyomorphological and molecular cytogenetical data and molecular phylogenetic analysis using ITS region. The first group included the species formerly classified in Polyxena based on morphological studies and then, revised by Manning et al. (2004) by using molecular phylogenetical analysis of cpDNA. Their chromosome numbers were 2n=26 or 28, and showed diploidy (x=13 or 14). In addition, this group included both of the species with and without DAPI-positive bands on their chromosomes. The second group were composed of the species showed clear DAPI-positive bands on their all or partial chromosomes. These species showed the basic chromosome numbers of x=7 or 8 and they thought to be diploid, tetraploid or hexaploid (2n=14, 16, 28 or 42). Almost 2n=28 species of Lachenalia are included in this group. The third group contained the other species that did not show clear DAPI-positive bands. These species had basic chromosome numbers of x=7, 9, 11 or 12 and all of them were diploid (2n=14, 18, 22 or 24) .
In this study, Lachenalia congesta which thought to be a diploid species did not show clear DAPI-positive bands ( Fig. 2A) and showed signals of 5S rDNA sites near the centromeres of small-sized chromosomes (Fig. 2E) . These characters are similar to the species belong to the third group (e.g. L. juncifolia and L. latimerae) that did not show clear DAPI-positive bands and had signals of 5S rDNA sites near the centromeres of medium-sized chromosomes. On the other hand, L. longituba, which have same chromosome number and diploid (2n=28, x=14) as L. congesta included in the first group (Hamatani 2011) . Because L. longituba also did not have clear DAPIpositive bands, however had two FISH signals of 5S rDNA sites on distal position of the long arms of small chromosomes (Hamatani et al. 2010) . Thus, these FISH data suggested that despite L. congesta and L. longituba had common chromosome feature (2n=28, x=14) and this is unique character among Lachenalia, they are belong to another group.
In molecular cytogenetical studies, L. congesta showed diploidy with the chromosome number of 2n=28, and did not show DAPI-positive bands. These were unique characters for Lachenalia, which were shown in only L. longituba. Whereas, the FISH results of L. congesta and L. longituba were different. Therefore, whether or not the genetic relationship between L. congesta and L. longituba was close, we made molecular phylogenetic analysis using ITS (Fig. 3) .
The data matrix of ITS sequence from Lachenalia congesta included 650 bp (Accession No. AB625560). The boundaries of ITS 1 , ITS 2 and 5.8S rDNA coding regions were determined by the comparing with a sequence of Lachenalia aloides var. aloides (Accession No. AB304972). The length of ITS 1 was 248 bp, 5.8S rDNA was 154 bp, and ITS 2 was 248 bp. Total number of rearrangements tried in most parsimony (MP) analysis of the ITS data was 17,323,820 and score of best trees found was 310, with a consistency index, including uninformative characters (CI) of 0.8194 and a retention index (RI) of 0.8146. In Bayesian inference (BI) method, a total of 168 distinct data patterns under the best fit model indicated the GTR+G substitution model by MyModeltest for the dataset. Both analyses showed similar results each other about co-relationships among the samples used for this research.
Lachenalia congesta placed in the Lachenalia clade and obviously separated from the Massonia clade (bootstrap values: BS=100% / Bayesian posterior probabilities: BPP=1.00). This data indicated that L. congesta have unique morphological and cytological features although was not placed nearest genus clade of Massonia. The Lachenalia clade was consist of three major clades (Fig.  3) . The clade I (all Lachenalia species excluded L. hirta) was separated into three small clades. The clade II (BS=98.5% / BPP=1.00) including three species, and all of them had the basic chromosome number of x=11 and did not show DAPI-positive band on their chromosomes. The phylogenetic analysis using ITS region showed that L. congesta were clearly segregated from L. longituba (syn. Polyxena longituba), opposite to Spies (2004) showed the close relationships between L. congesta and the species of genus Polyxena by using trnL-F regions, despite they had same chromosome number of 2n=28 and same basic chromosome number of x=14, and showed similar characters about DAPI staining. Both of the data from cytogenetical analysis with FISH (the positions of rDNA sites on their chromosomes) and molecular phylogenetic analysis using ITS regions suggested that it might be difficult to demonstrate the closely relationship between Lachenalia congesta and formerly Polyxena species including L. longituba. On the other hand, according to Hamatani (2011) , significantly polymorphisms were observed in the groups without DAPI positive bands and had basic chromosome number x=7, 9, 11 or 12. The results of this study suggested that Lachenalia congesta was the new species belong to this group with basic chromosome number of x=14. . Supporting values more than 50% were overlaid (less than 50%, but with the most support in each method, were indicated as ≦50%, and drawed by broken lines). Data of "x" are their basic chromosome numbers referred from Hamatani (2011) .
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